A water distribution system in defence housing scheme (DHS), Lahore was selected for the research work. Water samples were collected both from the source (elevated tank) and five terminal points in the service area. The samples were analyzed for temperature, pH and residual chlorine. EPANET software was used for residual chlorine modeling in the water distribution system. The minimum residual chlorine concentration required for an effective disinfection at the farthest point in the distribution system is 0.1 mg/l. Three data set recorded at the site showed that the residual chlorine concentration at the farthest sampling point was much more than that required, that is, 0.2 to 0.6 mg/l. It reflects that the initial chlorine concentration at source is more than that required to maintain a minimum residual chlorine level in the distribution system. The model simulation depicts that the initial chlorine concentration at the elevated tank should be maintained at 0.3 mg/l.
INTRODUCTION
Drinking water should have high quality so that it can be consumed without threat of immediate or long term adverse impacts to health. Such water is commonly called as "potable water". In most developed countries, the water supplied to households and industry usually meets World Health Organization's Drinking Water Quality Guidelines, even though only a small fraction is actually consumed by human or used in preparation of food.
Over large parts of the world, humans drink water that contains pathogens or unacceptable levels of dissolved and suspended pollutants. Such polluted water is not suitable for drinking because it may cause widespread acute and chronic diseases resulting in large number of deaths in many developing countries like Pakistan. Over 100 millions people do not have access to an adequate *Corresponding author. E-mail: mumtazshah@gmail.com. Tel: +923414400046.
supply of safe water for household consumption while 300 millions lack proper sanitary means for excreta disposal (Bern et al., 1992) . In 2004, 1.1 billions people were lacking access to improved water sources, which is nearly 17% of the world's population. According to WHO, every year 1.8 millions people die from diarrhoeal diseases including cholera. 88% of the diarrhoeal disease is attributed to the contaminated water supply and inadequate sanitation. Over 1.3 millions people die of malaria every year and there are 1.5 millions cases of hepatitis-A each year (WHO, 2004) .
In Pakistan, it is estimated that 30 to 40% diseases and deaths are attributed to the contaminated water distribution systems. Water quality is related to the population density. Where population is dense it is expected to have more water pollution. In Lahore more than 10 thousands people die annually due to the use of polluted drinking water (PCRWR, 2002) .
There are several types of disinfection methods available such as physical (includes W radiation, ultrasound, ultrafiltration, reverse osmosis, heating, freezing, and ionizing radiation) chemical (includes ozonation, hydrogen peroxide, chlorination). The physical methods do not generate significant residual disinfection products but these are costly methods and cannot be used for community water supplies in developing countries like Pakistan. Chlorine disinfection presents the advantages of efficiency and durability along with cost effectiveness.
Chlorine disinfection is of great importance in maintaining drinking water quality related to pathogens and viruses throughout the water distribution system. Diseases like cholera and typhoid fever have virtually been eliminated in the developed countries since continuous chlorination practice started in the 20th century. Drinking water filtration and the use of chlorine are the most significant public health advances of the last century. Along with control of microorganisms in the water distribution system, chlorine also removes the objectionable taste and odour from the water. Not amazingly, chlorine is the most widely used water disinfectant in the world.
Water quality within water distribution system may vary with both location and time. Water quality models are used to predict the spatial and temporal variation of water quality throughout water system. Chlorine is an efficient and inexpensive disinfectant, and is widely used in drinking water works all over the world. To maintain residual chlorine in the whole water distribution system can prevent from water quality microbiological degradation. Chlorine is relatively unstable, may react with a variety of organic and inorganic compounds in bulk water or on pipe wall, and there are reactions of biofilm with chlorine. All these result is consumption of residual chlorine in distribution system. It is very difficult to precisely predict the chlorine concentration in specific locations of the whole distribution system, because of its complexity of water distribution system, and uncertain by in reactivity of chlorine, but modeling the kinetics of residual chlorine decay in distribution system is necessary, in order to ensure delivery of high quality drinking water. The most kinetic model describing chlorine decay in water distribution system is the firs order decay model in which the chlorine concentration is assumed to decay exponentially. The decay constant values vary with water quality, water temperature, flow rate, pipe diameter, pipe materials, the type of inner coating, pipe roughness. The decay constant values are determined by using regression method, considering these influence factors. The purpose of this study is to model chlorine residual concentration in water distribution system.
MATERIALS AND METHODS

Experimental setup
In this study, water samples were collected from an overhead tank (as source) and five terminal points (house connections) in the Shah et al. 5267 water distribution system and analyzed to determine the residual chlorine concentration for modeling using EPANET model as shown in Figure 1 . For the determination of Bulk Fluid Reaction coefficient (Kb), water sample was taken from the tubewell feeding to the source (EPANET 2.0, 2000).
Kinetics of chlorine decay
The consumption of residual chlorine in distribution system is influenced by a number of factors including: (1) Reaction with organic and inorganic chemicals in bulk water; (2) reactions with bio-film attached to pipe wall, and (3) in corrosion process. So the chlorine decay in distribution system is:
Where kw is the chlorine decay rate constant on pipe wall; kh is the chlorine decay rate constant in bulk water; rh is the hydraulic radius of the pipe; W is the consumption of chlorine-induced corrosion on the pipe wall; C is the chlorine concentration in bulk water; Cw is the chlorine concentration near the pipe. On the equation's right, the first term is chlorine consumption in bulk water (chlorine reacts with organic and inorganic chemicals) and the second term accounts for corrosion while the third term is chlorine consumption on pipe wall.
Chlorine decay in bulk water
Two forms of chlorine are in common use as disinfectant in water, chlorine and hypo-chlorine compounds. In water, chlorine reacts very rapidly to form hypochlorous and hydrochloric acids.
Chlorine can react with inorganic ions, such as Mn
2+
, Fe 2+ , S 2-. Chlorine also reacts with ammonia to form compounds called chloramines, which are slow-acting disinfectants, and are called combined chlorine. Chlorine reacts with organic matter to produce undesirable by-products, such as trihalomethanes (THM) and [MX] . Since 1979, hundreds of by-products have been identified as associated with chlorine disinfection. We use a generic reaction to represent all the reactions concerning with chlorine in bulk water:
Where HOCI is free residual chlorine and X is compounds reacting with chlorine. The chlorine concentration decays is:
Analytical procedure
Temperature
Temperature of each sample was measured using mercury thermometer at site. The efficiency of disinfection with chlorine is proportional to the temperature of water. As chlorination is more effective in hot water, so chlorine in cold water causes lower disinfection (Charles, 2000) .
pH
HACH 51935-00 pH meter was used to determine pH values of water samples. WHO recommends the pH of water should be less than 8.0 for effective chlorine disinfection. However, water having lower pH is likely to be corrosive. The pH of the water entering the distribution system must be controlled to minimize the corrosion of 
Residual chlorine
HANNA HI-93734 Colorimeter was used to measure the residual chlorine concentrations of samples. This instrument operates according to standard methods for the examination of water and wastewater that is, 4500-Cl (G), DPD Colorimetric Method.
RESULTS
Determination of bulk chlorine decay coefficient K b
The bulk chlorine decay coefficient K b was determined in laboratory with the same instrument (HANNA HI-93734 Colorimeter). The experiments involving time based measurements (that is 8-10 h) were conducted in the laboratory. There is no standard method available for the determination of K b , Philip (2007) adopted the following procedure to avoid interference from external factors such as temperature, contamination, ultraviolet light and evaporation etc;
Step I: All glassware were rinsed with distilled water.
Step II: Temperature measurements were taken with a standard mercury thermometer.
Step III: For each experiment, 1 litre of chlorinated sample water was collected in a 1 litre dark glass bottle. Glass stopper was used to seal the bottle.
Step IV: Bottle was gently shaken for approximately 60 s, immediately after chlorination to improve the homogeneity of the sample.
Step V: The first measurement was taken in 10 to 15 min after chlorination to ensure complete mixing of water. After taking the last measurement, further readings were taken from the bottle at time intervals so that the chlorine concentration may have been reduced to 0.1 to 0.2 mg/l.
Step VI: Graphs were plotted between residual chlorine concentrations and time to determine K b .
Bulk chlorine decay coefficient K b
For the determination of bulk chlorine decay coefficient K b sample was taken from the source after chlorination. The initial chlorine concentration was found in the field to be 0.75 mg/l in the water sample. Test results were plotted ( Figure 2 ) and a straight line best fitted the data showing linear decay of chlorine with time (first order kinetics).
Residual chlorine concentration
The Residual Chlorine concentrations were measured at site, at different sampling points (as shown in Figure 1 ) with the help of HANNA Colorimeter. The measured residual chlorine concentrations are shown in Figures 3,  4 and 5 for data set 1, 2 and 3 respectively.
EPANET hydraulic model
To simulate residual chlorine modeling through EPANET, a hydraulic model of the selected distribution system is required. Following assumptions were made for developing hydraulic model after consulting with DHS design criteria for water distribution system; 1. Total numbers of houses in the study area were 325. 2. House hold size was taken as 10 persons per house, population is 3250 persons. 3. Per capita water demand was taken as 80 gallons/ capita/ day (gpcd), average demand of the study area is 180 gallons/minute. Arbitrary peak factors were selected based on experienced judgment (Figure 6 ). 4. At site height of elevated tank was 55 ft. (17 m) and water column is 6 ft. (2 m) high. The capacity of elevated tank is 100,000 gallons. 5. Galvanized Iron (GI) pipes were used in the study area, so an average roughness coefficient of 110 was used for hydraulic simulation. 6. Discharge of the feeding tubewell was found to be 2.0 cusec (898 gallons/ minute).
EPANET residual chlorine model
1. Bulk chlorine decay coefficient (K b ) was determined in the laboratory, which was considered as fixed parameter, whereas wall chlorine decay coefficient (K w ) was determined through EPANET simulation by trial and error method. 2. Chlorine decay model was simulated for a period of 6 h. 3. Select Options Quality from the Data Browser. In the Property Editor's parameter field type the word "Residual Chlorine". 4. For Bulk Chlorine Decay Coefficient Kb, enter a value of -0.72 day -1 . This reflects the rate at which chlorine decay due to reactions in the bulk flow over time. 5. K w will be determined by simulating the model with all the three data set one by one having different initial concentrations at the elevated tank. 6. Now run the model, it show the residual chlorine concentrations at all nodes on hourly basis.
Determination of K w
K w was determined by best fitting the model results with the field values for all the three data set. It was found that K w is a function of initial chlorine concentration, K w increases with the decrease in initial chlorine concentration. The value of K w varies from -0.2 to -0.5 ft/day, depending upon the initial chlorine concentration. Figures  7, 8 and 9 show plot of residual chlorine after 6 h for data set 1, 2 and 3 respectively.
The relationship between the Kw and the initial concentration of chlorine is shown below in Figure 10 .
Conclusions
1. In order to ensure delivery of high quality drinking water from treatment plants/pump stations to consumers, maintaining adequate levels of residual chlorine is very important, so it is necessary to study and model the kinetics of residual chlorine decay in distribution system. 2. It is found that free chlorine residual varies both spatially and temporally. 3. With K b = -0.74 day -1 , K w = -0.4 ft/ day and initial chlorine concentration = 0.8 mg/l, the taste of the water in the water distribution system was objectionable not only at the houses near the source but also at the farthest , K w = -0.2 to -0.5 ft/ day depending on the initial chlorine concentration. 6. For effective chlorine disinfection, the minimum residual chlorine concentration required was 0.1 mg/l with water having a pH value less than 8. The residual chlorine concentration at the farthest Sampling Point (that is point 6) was observed to be more than that minimum required.
